Signaling through the Rho family of small GTPases has been intensely investigated for its crucial roles in a wide variety of human diseases. Although RhoA and Rac1 signaling pathways are frequently exploited with the aid of effective small molecule modulators, studies of the Cdc42 subclass have lagged because of a lack of such means. We have applied high-throughput in silico screening and identified compounds that are able to fit into the surface groove of Cdc42, which is critical for guanine nucleotide exchange factor binding. Based on the interaction between Cdc42 and intersectin (ITSN), a specific Cdc42 guanine nucleotide exchange factor, we discovered compounds that rendered ITSN-like interactions in the binding pocket. By using in vitro binding and imaging as well as biochemical and cell-based assays, we demonstrated that ZCL278 has emerged as a selective Cdc42 small molecule modulator that directly binds to Cdc42 and inhibits its functions. In Swiss 3T3 fibroblast cultures, ZCL278 abolished microspike formation and disrupted GM130-docked Golgi structures, two of the most prominent Cdc42-mediated subcellular events. ZCL278 reduces the perinuclear accumulation of active Cdc42 in contrast to NSC23766, a selective Rac inhibitor. ZCL278 suppresses Cdc42-mediated neuronal branching and growth cone dynamics as well as actin-based motility and migration in a metastatic prostate cancer cell line (i.e., PC-3) without disrupting cell viability. Thus, ZCL278 is a small molecule that specifically targets Cdc42-ITSN interaction and inhibits Cdc42-mediated cellular processes, thus providing a powerful tool for research of Cdc42 subclass of Rho GTPases in human pathogenesis, such as those of cancer and neurological disorders.
Cdc42 inhibitor | computer-assisted virtual screening | protein-protein interaction | cytoskeleton | protein trafficking C dc42, a member of the Rho GTPase family of low molecular weight G proteins, is an important regulator of many biological processes. First identified by its involvement in the establishment of polarity in Saccharomyces cerevisiae, Cdc42 has since been shown to play key roles in cytoskeletal organization, vesicular trafficking, cell cycle control, and transcription (1-3). As with most GTPases, transduction of signals occurs through the exchange of GDP for GTP, thus activating Cdc42 (4) . The cycling between nucleotide-dependent conformation states of Rho family GTPases is supported by three regulatory proteins: guanine nucleotide exchange factors (GEFs), GTPase activation proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). GEFs facilitate activation of the GTPase by catalyzing the exchange of bound GDP for GTP, whereas GAPs promote the GDP-bound conformation (5, 6) . Additional negative regulation occurs through GDIs, which sequester Rho proteins in the cytoplasm and prevent nucleotide exchange (7) .
Recent studies have implicated aberrant Cdc42 activity in a variety of human pathologic processes, including cancer and neurodegeneration (3, 8) . Interestingly, no mutations in the Cdc42 gene attributing to human cancer have been identified (9) . Abnormal phenotypes appear to be caused by deregulation or overexpression of Cdc42 in an apparent tissue-and microenvironmentdependent fashion (3). Cdc42 has been attributed to several aspects of cancer, including cellular transformation (10) and metastasis (11, 12) . As a key regulator of neurite morphogenesis, Cdc42 has also been shown to be crucial for normal brain development, as conditional Cdc42 KO mice do not survive birth and show gross brain abnormalities (8, 13) .
However, among the three classical Rho subfamilies, studies of Cdc42 signaling lag behind those of RhoA and Rac1. This is partly because of the more rapid activation-inactivation cycles of Cdc42 in the cells and the lack of selective small-molecule tools to aid in capturing this process directly. In the present study, we have used computer-assisted virtual screening to identify compounds that are able to fit into the surface groove of Cdc42, which is critical for GEF binding. Based on Cdc42's interaction with intersectin (ITSN), a specific Cdc42 GEF, chemical compounds that rendered ITSN-like interactions in the binding pocket were preferentially selected for further investigation (14) (15) (16) . We have now determined ZCL278 as a potent, cell-permeable Cdc42-specific small-molecule inhibitor that suppresses actin-based cellular functions, including Golgi organization and cell motility.
Results
Virtual Screening for Cdc42 Inhibitors. Analysis of the 3D structure of Cdc42-ITSN complex (Protein Data Bank ID code 1KI1) revealed a main binding region between Cdc42 and ITSN (16) . Residues Gln1380 and Arg1384 of ITSN were observed to form hydrogen bonds with Asn39 and Phe37 of Cdc42, respectively. Two clusters of hydrophobic interactions were found between Leu1376, Met1379, and Thr1383 of ITSN and Phe56, Tyr64, Leu67, and Leu70 of Cdc42. To screen for Cdc42 inhibitors, the putative binding pocket on Cdc42 was created within 7 Å of the center of the aforementioned ITSN residues that interact with Cdc42. The binding pocket consists of 16 Cdc42 residues including Thr35, Val36, Asn39, Phe56, and Asp57 (Fig. 1A) . The 197,000 compounds from the Specs Chemistry Database (www.specs.net) were screened by using high-throughput virtual screening and standard precision docking sequentially. The top-ranked 100 molecules were subjected to manual inspection according to the following criteria: ITSN-like binding posture and occupation for the Leu1376, Gln1380, Arg1384, Met1379, and Thr1383 residue space of ITSN should be observed; at least three hydrogen bonds should be formed; a conserved hydrogen bond with Asn39 or Phe37 of Cdc42 should exist; and diversity of scaffolds should be considered. A selection of 30 compounds was eventually tested on their ability to disrupt against Cdc42 activity and/or functions. Computed Binding Mode of ZCL278 in Cdc42. As shown in Fig. 1A , one small molecule, termed ZCL278, bound to a well formed Cdc42 pocket lined by residues Thr35, Val36, Asp38, Asn39, Phe56, Tyr64, Leu67, and Leu70. The docked pose suggests extensive favorable interactions between ZCL278 and Cdc42 residues. Five hydrogen bonds involving residues Thr35, Asn39, and Asp57, as well as hydrophobic interactions associated with residues Val36 and Phe56, were observed (Fig. 1B) . The bromophenyl ring was inserted into the adjacent GTP/GDP binding pocket. The computed binding mode suggests that ZCL278 should be able to disrupt the Cdc42-ITSN interaction as well as GTP/GDP binding (Fig. 1C) . Indeed, the competition between GTP and ZCL278 to influence Cdc42 GTPase activity was confirmed by using p50RhoGAP or Cdc42GAP assay (Fig. S1 ). Our docking studies suggest that increasing GTP addition can compete with preloaded ZCL278 on Cdc42 and increase GTP hydrolysis by purified recombinant Cdc42 protein in vitro. Thus, local GTP/GDP should have impact on the effective doses of ZCL278 in the cells.
Synthesis of Cdc42 Inhibitor ZCL278. To confirm the screening hits and provide high-purity samples for biological exploitation, ZCL278 was synthesized, purified, and characterized. As illustrated in a scheme (Fig. 1D ), after compound 2 (SI Materials and Methods) was prepared from 4-bromo-2-chlorophenol and ethyl 2-bromoacetate in the presence of potassium carbonate, it was hydrolyzed in the alkali condition to provide the acid compound 3 (SI Materials and Methods). Treatment of compound 3 with refluxing thionyl chloride with dimethyl formamide (DMF) as a catalyst gave acyl chloride (compound 4; SI Materials and Methods), which was converted to 4-(3-(2-(4-bromo-2-chloro-phenoxy)-acetyl)-thioureido)-N-(4,6-dimethyl-pyrimidin-2-yl)-benzenesulfonamide (compound 5; ZCL278) after treatment with sodium thiocyanate, followed by reaction with 4-amino-N-(4,6-dimethylpyrimidin-2-yl) benzene-sulfonamide.
Direct Binding of ZCL278 and Cdc42 Demonstrated by Fluorescence
Titration and Surface Plasmon Resonance. We assessed the binding affinity of ZCL278 and Cdc42 by using two independent biophysical methods. First, fluorescence titration of purified Cdc42 by ZCL278 was carried out by monitoring the change of fluorescence intensity of a tryptophan residue on Cdc42 upon ZCL278 binding. As ZCL278 has a weak absorption peak at 310 nm, to avoid any experimental error that might result from potential fluorescence quenching by ZCL278, the fluorescence emission of Cdc42 was monitored at 350 nm, at which ZCL278 has a negligible absorption. Thus, a K d value of 6.4 μM was obtained (Fig. 1E ). To further demonstrate the direct interaction between ZCL278 and Cdc42, a surface plasmon resonance (SPR) experiment was performed by covalently immobilizing purified Cdc42 onto CM5 chips and varying ZCL278 concentration. The SPR response was observed to increase along with elevated ZCL278 concentrations, and eventually gave a K d of 11.4 μM (Fig. 1 F and G) . To support the K d measured in our system, the solubility of ZCL278 was determined to be 181 μM and was greater than the concentrations used in all experiments in this study (SI Materials and Methods). The experimental pK a values of ZCL278 were determined to be 3.48 ± 0.04, 6.61 ± 0.02, and 7.45 ± 0.01 (SI Materials and Methods). The pK a value of 3.48 is associated to pyrimidine nitrogen that should stay in a neutral form at pH 7.4. The NH groups corresponding to pK a values of 6.61 and 7.45 should be partially deprotonated and give a population of charged species in solution. These species in solution may have modifying effects on membrane transport and binding to Cdc42.
ZCL278 Inhibits Cdc42-Mediated Microspike Formation. We assessed the 30 selected ZCL compounds for their ability to inhibit Cdc42-mediated microspike/filopodia formation in serum-starved Swiss 3T3 fibroblasts. Actin-based microspikes/filopodia are characteristic of Cdc42 activity in cultured fibroblastic cells (17, 18) . As shown in Fig. 2A, DMSO-treated (Fig. 2A, control ) cells have few microspikes along their perimeter ( Fig. 2A, arrows) , as well as the characteristic presence of RhoA-mediated stress fibers ( Fig. 2A,  asterisk) . When arrested fibroblasts were briefly stimulated with 1 U/mL of a commercial Cdc42 activator, a dramatic increase in microspike number and decrease in stress fibers occurred ( Fig.  2A, activator) . Compound ZCL278 was applied at 50 μM for 15 min or 1 h and then stimulated with the Cdc42 activator for 2 min. After 15 min incubation, the cell periphery of ZCL278-treated cells resembles that of control cells, with few microspikes (Fig. 2A,  ZCL278) . Following 1 h of ZCL278 treatment and Cdc42 stimulation, there is obvious inhibition of microspike formation ( Fig.  2A , activator + ZCL278) compared with cells treated with only the activator ( Fig. 2A, activator) . ZCL197 and ZCL279, two other compounds with favorable predicted binding to Cdc42, failed to inhibit microspike formation ( Fig. 2A , activator + ZCL197), or induced branched cellular processes resembling RhoA suppression ( Fig. 2A , activator + ZCL279). Therefore, ZCL278, but not ZCL197 or ZCL279, inhibits Cdc42-mediated microspike formation. Although ZCL278 displayed the most striking inhibitory effects on microspike formation among the 30 compounds tested, four other promising compounds identified from the virtual screening showed similar properties. The chemical structures of these four compounds, along with six other ZCL compounds, are described in SI Materials and Methods (Fig. S2 ).
In our in silico screening model, the Cdc42-ITSN interaction interface defines a binding pocket of 16 residues in Cdc42. We aligned the sequences of Cdc42 (P60953; from UniProt; www. uniprot.org/uniprot/), Rac1 (P63000), and RhoA (P61586; Fig.  S3 ). One of the 16 residues is different between Cdc42 and Rac1 [Phe56 (Cdc42)/Trp56 (Rac1)], whereas three residues are different between Cdc42 and RhoA [Asp38 (Cdc42)/Glu40 (RhoA), Phe56/Trp58, Gln74/Asp76]. The determinant for the selectivity of these Rho GTPases toward their GEFs is Phe56 (Cdc42)/Trp56 (Rac1)/Trp58 (RhoA). We thus further performed studies to compare ZCL278 with Y-27632, a RhoA/Rho kinase inhibitor (19, 20) , under the condition that RhoA is activated (Fig. 2B, Left) . We also performed studies to compare ZCL278 with NSC23766, a Rac1-selective inhibitor (21) , under the condition that Rac1 is activated (Fig. 2B, Right) . These results demonstrated that ZCL278 inhibits Cdc42-mediated ( Fig. 2A) , but not RhoA-or Rac1-mediated, phenotypes (Fig. 2B ).
ZCL278 Inhibits Cdc42 Activity. As ZCL278 showed direct binding to Cdc42 and displayed most inhibitory effects in a morphological assay of Cdc42 function, we analyzed its activity at a biochemical level. First, Cdc42 activation was investigated in human metastatic prostate cancer PC-3 cells that were treated with the Cdc42 activator or 50 μM ZCL278 for 5, 10, and 15 min. Serine 71 phosphorylation is known to negatively regulate Rac/Cdc42 activity (22) , and therefore an increase in phospho-Rac/Cdc42 expression is indicative of a decrease in active (i.e., GTP-bound) Rac/Cdc42. As depicted in Fig. 2C , activation of Cdc42 shows an expected decrease in phospho-Rac/Cdc42. However, the application of ZCL278 resulted in a time-dependent increase in Rac/ Cdc42 phosphorylation.
Wiskott-Aldrich syndrome protein (WASP) is a downstream effector of Cdc42 activation (6) . Tyrosine phosphorylation of WASP is linked to rapid Cdc42 degradation following its activation Fig. 2 . Characterization of ZCL278 functions. (A) ZCL278, but not ZCL197 or ZCL279, inhibits Cdc42-mediated microspike formation. Serum-starved Swiss 3T3 cells were treated with or without Cdc42 ligands identified by the highthroughput in silico screening. DMSO was used as a control, and 1 U/mL Cdc42 activator was applied to stimulate Cdc42. ZCL278 (50 μM), ZCL197, or ZCL279 was applied for 15 min without activation of Cdc42 or for 1 h and then stimulated with the Cdc42 activator for 2 min. Following treatments, cells were fixed and stained with rhodamine-phalloidin to label filamentous actin. Arrows point to the cell periphery, where microspikes may be seen. Asterisks indicate the subcellular locations that normally show stress fiber distribution. (Scale bar: 5 μm.) (B) ZCL278 does not induce RhoA inhibition-mediated branching of cellular processes, nor does it suppress Rac1-mediated lamellipodia formation. Asterisks indicate stress fiber distribution, arrows point to lamellipodia, and arrowheads point to branched cellular processes. (Scale bar: 5 μM.) (C) ZCL278 inhibits endogenous Rac/Cdc42 activities. Serum-starved PC-3 cells were treated with the Cdc42 activator at 1 U/mL or 50 μM ZCL278 for the indicated time points. Cell lysates were subjected to Western blot analysis with the following antibodies: phospho-Rac1/cdc42 (Top), phospho-WASP (Middle), and GAPDH (Bottom). (D) ZCL278, but not NSC23766, inhibits stimulated Cdc42 activity. Serum-starved Swiss 3T3 cells were incubated for 1 h with 50 μM ZCL278 or 10 μM NSC23766 and then stimulated for 2 min with a Cdc42 activator at 1 U/mL. Cell lysates were then subjected to a colorimetric G-LISA assay to measure GTPbound Cdc42. A constitutively active Cdc42 was used as positive control. Negative controls included buffer-only controls as well as untreated cellular lysates. Results shown are averaged from three independent experiments (n = 3 per group) ± SE (**P < 0.01, *P < 0.05). (23, 24) . As shown in Fig. 2C , the Cdc42 activator leads to a decreased expression of phospho-WASP by 15 min whereas ZCL278 does not suppress phospho-WASP activity. Thus, ZCL278 inhibits Rac/Cdc42 phosphorylation in a time-dependent manner and maintains tyrosine phosphorylation of WASP.
Serine 71 phosphorylation can occur on Rac and Cdc42. To directly assess specific Cdc42 activation and inactivation, we used a G-LISA, an ELISA-based assay that allows a quantitative determination of the levels of GTP-bound (i.e., active) Cdc42 in cellular lysates. Serum-starved Swiss 3T3 fibroblasts were incubated for 1 h with 50 μM ZCL278 or 10 μM NSC23766 (Rac inhibitor), followed by 2 min of stimulation with 1 U/mL Cdc42 activator. This analysis revealed a significant increase (70%) in GTP-bound Cdc42 in cells treated with the activator compared with control (i.e., untreated) cells (Fig. 2D ). Cells treated with ZCL278 showed a dramatic (nearly 80%) decrease in GTPCdc42 content compared with cells treated solely with the activator. Finally, we analyzed the ability of NSC23766 to determine if it cross-inhibits Cdc42 activation. NSC23766 was developed in a similar manner as ZCL278; however, it is specific to Rac and should therefore act as an additional negative control in this assay (21) . As expected, NSC23766 does not reduce GTP-Cdc42 content (Fig. 2D) . These data establish that ZCL278 inhibits Cdc42 in two different cell types.
ZCL278, but Not NSC23766, Disrupts Perinuclear Distribution of Active
Cdc42. To confirm the ability of ZCL278 to selectively inhibit Cdc42 activation at the cellular level, serum-starved Swiss 3T3 cells were treated with 50 μM ZCL278 or 10 μM NSC23766 and were subsequently stimulated for 2 min with the Cdc42 activator (Fig. 3 ). Cells were probed with a mouse monoclonal antibody against active (i.e., GTP-bound) Cdc42 (Fig. 3A) . Nuclei were visualized by Hoechst staining. Control fibroblasts showed an organized perinuclear distribution of active Cdc42 (Fig. 3A) . Cdc42 activation increased this distribution in the perinuclear region as well as in the nucleus (Fig. 3A) , consistent with the established roles of Cdc42 in Golgi-based protein trafficking (25) . ZCL278 clearly disrupted this organization and reduced immunoreactivity of anti-active Cdc42 whereas NSC23766 did not have the same effects (see also the quantification of the percentage of cells showing organized Golgi-like distribution in Fig. 3B ). Additionally, application of the Cdc42 activator, ZCL278, or NSC23766 did not elicit significant changes in phospho-RhoA immunoreactivity (Fig. 3C) . These results again indicate that ZCL278 selectively inhibits Cdc42.
ZCL278, but Not NSC23766, Disrupts GM130 Docked Golgi Organization.
To determine whether the ZCL278-induced disruption of perinuclear distribution of active Cdc42 reflected its effects on Golgi organization, we examined GM130, a peripheral cytoplasmic protein that is tightly bound to Golgi membranes and helps to maintain cis-Golgi structures (26, 27) . Control, serum-starved Swiss 3T3 cells showed well-developed stress fibers (Fig. 4, red) and GM130 immunoreactivity polarizing to one side of the nucleus (Fig. 4, green  asterisk) . Treatment with the Cdc42 activator led to increased microspikes, as expected [ Fig. 4 , red arrows, arrowheads (Inset)], and intense perinuclear GM130 immunoreactivity (Fig. 4, green  asterisk) . As depicted in Fig. 4 (also see Fig. 2A ), ZCL278-treated cells show not only fewer microspikes but also a clear reduction of GM130 immunoreactivity, as well as its dissipation to both sides of the nucleus (Fig. 4, green asterisk) . Rac inhibitor NSC23766 did not significantly alter GM130 expression or distribution (Fig. 4,  green asterisk) . These results not only further confirm ZCL278 as a specific Cdc42 inhibitor, but also demonstrate the importance of Cdc42 in Golgi organization and protein trafficking. Filopodia are dynamic structures that aid cells in pathfinding and migration (28, 29) , and are largely controlled by Cdc42 activity (30) . In a metastatic line of human prostate cancer cells (PC-3), we used a wound healing assay to elucidate the effects of ZCL278 on cellular migration. Quiescent PC-3 cells were wounded with a sterile pipette tip and treated with or without the Cdc42 activator, ZCL278, or the Rac inhibitor NSC23766 for 24 h. As shown in Fig. 5A and quantified in Fig. 5B , Cdc42 activation resulted in a significant increase (59%) in wound healing ability in comparison with controls (41%). Application of 50 μM and 5 μM ZCL278 Fig. 3 . Immunofluorescence light microscopy of active Cdc42 and phosphorylated RhoA. Serum-starved Swiss 3T3 cells were treated with DMSO as control, Cdc42 activator, 50 μM ZCL278, or 10 μM NSC23766. Treatments with ZCL278 or NSC23766 were followed by stimulation for 2 min with a Cdc42 activator at 1 U/mL To determine if ZCL278 selectively inhibits Cdc42 but not RhoA activity, cells were probed with an active Cdc42 (A and B) or phosphorylated RhoA (C) antibodies. Arrows mark perinuclear Golgi-endoplasmic reticulum (ER) network. Nuclei were visualized by Hoechst staining. (Scale bar: 15 μm.) (B) Active Cdc42 associated with organized perinuclear Golgi-ER network was quantified. Organized Golgi-ER was quantified in five randomly selected regions of cells in each treatment group using the pseudocolor setting (*P < 0.05). (C) Pixel intensity of phospho-RhoA in cells after treatments with activator, ZCL278, or NSC23766 was quantified. Results reflect the averaged intensity generated at five random points in five independent cells (n = 5 per group) ± SE (*P < 0.03). Fig. 4 . ZCL278 disrupts GM130 docked Golgi organization. Serum-starved Swiss 3T3 cells were treated with DMSO as control, a Cdc42 activator, ZCL278, or NSC23766. Following the treatment, cells were stained by rhodamine-phalloidin (red), anti-GM130 (green), and Hoechst (blue). Arrows point to the cell edges, where microspikes can be seen (red). (Inset) Highmagnification image of cells treated with the Cdc42 activator; arrowheads point to microspikes. Asterisks (green) point to the Golgi structure immunolabeled by anti-GM130. Cdc42 activation led to increased microspikes, as expected [activator indicated by arrows and arrowheads (Inset)], and intense perinuclear GM130 immunoreactivity (activator indicated by asterisk). Cells treated with ZCL278 showed fewer microspikes (ZCL278; red). GM130 immunoreactivity is clearly reduced and distributed to both sides of the nucleus (ZCL278; green asterisk). Rac inhibitor NSC23766 did not significantly alter microspike formation (NSC23766; red arrows) and GM130 expression or distribution (NSC23766; green asterisk). (Scale bar: 10 μm.) inhibited PC-3 migration into the wound area. However, wound closure was less pronounced at 50 μM (8%) than 5 μM (30%) concentrations. Cellular migration was also significantly reduced with NSC23766 treatment. This result is to be expected, as Rac regulates the formation of lamellipodia, which are well-described motile structures (31) . These data, which are in agreement with our biochemical analysis, suggest that ZCL278 is not only a selective inhibitor of Cdc42 activation but also a potent suppressor of Cdc42-dependent cell motility.
To ensure that decreases in cellular migration seen with ZCL278 treatment was a result of Cdc42 inhibition (or Rac inhibition when treated with NSC23766) rather than cell death, we tested cell viability by using the trypan blue dye exclusion assay. PC-3 cells were arrested in G 0 , and then 50 μM ZCL278 or 10 μM NSC23766 was applied for 24 h. Fig. 5C demonstrates that there was no difference in viability between treated and nontreated (i.e., control) cells. Therefore, we conclude that the differences seen in migratory ability is a result of ZCL278-mediated Cdc42 inhibition or NSC23766-mediated Rac inhibition and not cell death.
ZCL278 Inhibits Neuronal Branching and Growth Cone Dynamics.
Cdc42 plays a crucial role in the establishment of neuronal morphogenesis (13). Cdc42's absence in neurons resulted in a significantly reduced number of neurites and severely disrupted filopodia function (32) . Therefore, we tested the ability of ZCL278 to inhibit neuronal branching in primary neonatal cortical neurons.
At 5 d cultured in vitro, cortical neurons extended neurites with multiple branches (Fig. 6A, control) . ZCL278 (50 μM) was applied for 5 and 10 min, whereas DMSO-treated neurons were maintained as negative controls. As demonstrated in Fig. 6A , neuronal branching was suppressed in ZCL278-treated neurons over the time course in comparison with the highly branched neurites of control cells. Quantitative measurements found the branch number to be significantly reduced in ZCL278-treated neurons (Fig. 6B ).
Cdc42 is also widely known to control filopodia and microspikes at the leading edge of migrating growth cones (33) . Timelapse video light microscopy shows a control cortical neuron with multiple microspikes or filopodia extended from the growth cone (Fig. 6C) . However, ZCL278 treatments resulted in rapid retraction of filopodia within 4 min (Fig. 6C) . Thus, these studies further support ZCL278 as an effective small-molecule inhibitor of Cdc42-mediated neuronal branching and growth cone motility.
Discussion
Signaling through the Rho GTPase pathway allows cells to accomplish a myriad of cellular tasks, including membrane trafficking, cell cycle control, and the regulation of cytoskeletal organization, which strongly influence cell morphology, motility, and cell fate (34) (35) (36) . Currently, many pathological conditions have been attributed to Rho GTPase dysfunction or deregulation, making them prime candidates for pharmaceutical intervention (5, 37) .
The available small molecule modulators of Rho GTPases have facilitated the exploitation of this important family of proteins. Notably, fasudil and Y-27632 are well-established and potent inhibitors of Rho kinase/p160 ROCK , one of the main downstream effectors of RhoA (19, 20) . Recent development of NSC23766 targeting Rac1-GEF interaction filled a gap for studies on Rac as a selective Rac1 inhibitor (21) . However, there are few choices for effective small-molecule inhibitors selective for Cdc42. Secramine, an analogue of natural product galanthamine, was discovered recently by its ability to inhibit Cdc42-dependent Golgi to membrane transport through RhoGDI1 (38) . Unlike the widely used Y-27632 (N = 1,903 publications) or NSC23766 (N = 115 publications), secramine availability is very limited, and few studies can be found in literature today (N = 9 publications). Cdc42 deregulation has been linked to various aspects of tumorigenesis, including transformation and metastasis (3, 39) . Additionally, neuronal development and maintenance relies heavily on appropriate Cdc42 activity (8) . Given the urgent need to discover an effective tool for Cdc42 study, we undertook a similar strategy in the discovery of NSC23766 and identified potential Cdc42 inhibitors by screening more than 197,000 small molecules coupled with biochemical and cell-based verifications. Among the 30 potential leads that interfered with fibroblastic cell morphology related to Cdc42 function, ZCL278 emerged as the most effective and selective compound. ZCL278 synthesis involves few steps and is cellpermeable, and is therefore quite amenable to further exploitation as a pharmaceutical lead. In this study, we provide evidence for the characterization of an effective Cdc42 small-molecule inhibitor, which specifically and directly targets the binding site of its GEF, ITSN. This is yet another example of identification of a smallmolecule modulator of biologically significant signaling pathways based on computer-assisted screening (21, 40) .
Several studies have previously demonstrated the importance of Cdc42 activation for epithelial-to-mesenchymal transition and resultant cellular movement that is necessary for cancer cell invasion (11, 12) . By using a wound-healing assay, we showed that treatment with a Cdc42 activator is capable of enhancing wound closure in comparison with nontreated cells, bolstering evidence for Cdc42's ability to enhance the metastatic activity of cancer cells. Significantly, ZCL278 was able to inhibit the migratory ability of PC-3 cells in a concentration-dependent manner. Furthermore, ZCL278 is not cytotoxic to cells, and cell death is not the reason for the significant reduction in migration. Our studies raised an exciting possibility that ZCL278 can potentially be used for further investigation of its ability to inhibit cancer cell invasion and metastasis in vivo.
Our studies on primary cortical neurons also support the role of Cdc42 in neuronal development. As elegantly demonstrated by Garvalov et al. in 2007 (13) , brain and neuronal development are severely disrupted in Cdc42-deficient mice. These mice exhibit a range of brain abnormalities, including reduced axonal tracts, whereas neurons displayed a decrease in filopodial dynamics, increased growth cone size, and suppressed axon generation. Application of Cdc42 inhibitor ZCL278 to primary neurons reduced the number of branches formed and impeded growth cone dynamics. This is consistent with the notion that axon and dendrite motility is largely an actin-based process that is highly regulated by Cdc42 (41) . Thus, ZCL278 is a small-molecule inhibitor of Cdc42-ITSN interaction, and provides a powerful tool for further elucidation of Cdc42 function in human diseases, including cancer and neurologic diseases.
Materials and Methods
Virtual Screening, Compound Synthesis, Affinity Measurements, and Other Biochemical and Cell-based Assays. The Glide program (Schrodinger) was used to screen the Specs database consisting of 197,000 compounds. The fluorescence of tryptophan was measured as described by Zhou et al (42) . The computation methods, compound synthesis, determination of in vitro ZCL278-Cdc42 binding affinity by fluorescence titration and SPR, determination of protein distribution and expression, are detailed in SI Materials and Methods. G-LISA, p50RhoGAP or Cdc42GAP experiments, wound healing assay as well as primary neurons and time-lapse imaging are also detailed in SI Materials and Methods.
